The kudzu bug, Megacopta cribraria (F.) (Heteroptera: Plataspidae), is an invasive pest of soybeans in the southeastern United States. Two greenhouse choice assays evaluated crop species and growth stage-specific orientation preference of kudzu bug adults to six different legume species (Fabales: Fabaceae) at four plant growth stages (V2, V4, R1, and R5). Adults had differential orientation to both legume species and plant growth stages tested. Adults preferred the R1 stage of soybean (Glycine max (L.) Merrill) and lima bean (Phaseolus lunatus (L.)), but preferred various growth stages of the other legumes tested. Given their respective attractive growth stages, adults significantly preferred lima bean (47.8%) to soybean (21.9%) and kidney bean (Phaseolus vulgaris (L.), 19.2%), and preferred mung bean (Vigna radiata (L.) Wilczek, 4.2%), black-eyed pea (Vigna unguiculata subsp. unguiculata (L.) Walp, 4.7%), and green bean (Phaseolus vulgaris (L.), 2.7%) the least. In no-choice assays, females deposited a similar number of eggs on each legume species, except for green bean and kidney bean, on which they deposited the fewest eggs. Eggs laid by females feeding on soybean (67.9%), lima bean (58.1%), and mung bean (42.6%) had significantly greater hatch rates than eggs laid by females feeding on the other legume species. No-choice assays also showed that nymphs completed development to adults on soybean, lima bean, and mung bean; yet, survival was greatest on soybean. Results show that females fed and oviposited on all of the legume species tested; however, plant species significantly affected egg hatch rates and nymphal survival.
The kudzu bug, Megacopta cribraria (Fabricius) (Heteroptera: Plataspidae), native to Asia, was first discovered congregating on homes near stands of invasive kudzu, Pueraria montana Lour. (Merr.) var. lobata (Willd.) (Fabales: Fabaceae) in residential areas of northeast Georgia in 2009 . This was the first report of a member of the family Plataspidae from the western hemisphere ). Since its detection, the kudzu bug has spread rapidly throughout the southeastern United States (Gardner et al. 2013a , Center for Invasive Species and Ecosystem Health), where it is not only a residential nuisance pest, but also a serious economic pest of soybean (Glycine max (L.) Merrill) and poses a threat to international trade of agricultural products (Ruberson et al. 2013 ). Since 2014, its populations have declined, possibly due to increasing populations of the exotic egg parasitoid, Paratelenomus saccharalis (Dodd) (Hymenoptera: Platygastridae) and the use of insecticides Olson 2016, Blount et al. 2017, X. P. Hu et al., unpublished 7- y survey data in Alabama).
In its temperate Asian distribution, the kudzu bug completes 1-3 generations per year (Tayutivutikul and Yano 1990 , Wu et al. 1992 , Li et al. 2001 , Chen et al. 2009 ), whereas in the United States, it completes 2 generations per year in Georgia (Zhang et al. 2012) . From egg to adult, the kudzu bug completes five nymphal instars (Tayutivutikul and Yano 1990, Wu et al. 1992) . Eggs are typically laid on plant leaves and new buds, and nymphs and adults extract plant phloem primarily from stems and leaf petioles, in addition to leaves and tender pods , Stubbins et al. 2017 . Kudzu bugs can cause soybean yield losses of up to 60%, if they are not controlled (Seiter et al. 2013 ).
In the United States, overwintered adults emerge in the spring and move into kudzu and soybeans as they become available; second-generation adults move into overwintering sites in late fall when hosts become unsuitable (Zhang et al. 2012 , Lahiri et al. 2015 . In the spring, overwintered adults then disperse to seek host plants, mate, and subsequently oviposit .
Females deposit small brown capsules containing symbiotic bacteria underneath egg masses. The predominant bacterial endosymbiont transferred by females has been identified as Candidatus Ishikawaella capsulate Mpkobe. Ingestion of this bacterium by neonates significantly increases the development rate and host range of the kudzu bug Eaton 2011, Hosokawa et al. 2014) .
In Asia, the primary hosts of the kudzu bug are legume plants; however, it has also been reported from various nonlegume hosts and fruit trees . In China and Japan, it is an occasional pest of soybeans and other legume crops (Wu et al. 2006, Kikuchi and Kobayashi 2010) . In the southeastern United States, adults and nymphs have been found on both legume and nonlegume species (Gardner et al. 2013b , Ruberson et al. 2013 ; however, it is unknown if kudzu bugs can develop on these alternative species as they have only been observed to complete their life cycle on soybean and kudzu under natural conditions (Zhang et al. 2012 ). Although the current host range appears to be limited, there may still be unidentified hosts that can support kudzu bug development, especially in the areas adjacent to wild kudzu patches and soybean fields (Dhammi et al. 2016) .
Kudzu bug life stage analyses were completed on several legume species in no-choice greenhouse or laboratory trials (Medal et al. 2013 , Blount et al. 2015 , Huskisson et al. 2015 , Medal et al. 2016 with somewhat inconsistent results, depending on the particular legume varieties and cultivars used. For instance, discrepancies have been reported in kudzu bug preference and host suitability for oviposition and nymphal development. These discrepancies may be due to various other factors associated with the plants tested, experimental conditions, and differences in the sources or physiological conditions of field-collected kudzu bugs (Fritz et al. 2016) . Differences in experimental design, timing (seasonal), and rearing conditions may also confound the results of previous studies. For example, soybean planting date (Blount et al. 2016 ) and plant growth stage (Yang et al. 2017) have been shown to significantly affect the attractiveness and availability of soybeans to kudzu bug infestation. Currently, the attraction of kudzu bugs to specific plants growth stages, other than soybean, is unknown; however, such information is critical for developing comprehensive sampling strategies, effective insecticide applications, and for furthering the development of successful integrated pest management techniques for this pest.
This study evaluated six legume species that are either economically important in the United States, have been reported to be host plants of kudzu bugs, or have been previously evaluated for their suitability to kudzu bugs with inconsistent results. The objectives of this study were: 1) to evaluate the response (initial orientation preference) of adult kudzu bugs to different growth stages of six different legume species, 2) to determine female fecundity and egg hatch rates on each of the legume species, and 3) to elucidate nymph to adult survival on each of the legume species.
Materials and Methods

Insects and Plants
Kudzu bug adults and egg masses were collected from a wild kudzu patch (32.609111°N, 85.391889°W) near Town Creek Park in Auburn, Lee County, AL. Each year, overwintered adults were collected in April and May, and first-generation adults were collected in June during their dispersal period and before egg-laying had peaked. One day before beginning an assay, adults were collected using sweep net or by hand, kept in a mesh-lidded glass container (10 cm in diameter, 12 cm in height, Uline, Pleasant Prairie, WI), and provided with fresh kudzu leaves and stems. Six legume species were used: lima bean, soybean, black-eyed pea, kidney bean, mung bean, and green bean (Table 1) . Four seeds of the same species were planted in a black plastic pot (17.5 cm in diameter, 17.5 cm in height) containing moistened Sunshine Professional Soil Mix (SunGro Horticulture Canada Ltd., Seba Beach, AB, Canada). After the first trifoliate was fully expanded, plants were thinned to 2 plants per pot for choice assays in 2014, and 1 plant per pot for no-choice assays in 2015. For each assay (2014 and 2015), seeds were planted weekly to ensure the availability of different plant growth stages of each legume species. Plant growth stages were determined using the system developed by Fehr et al. (1971) ; however, this system was slightly modified so that it could be applied to all of the selected species (Pookpakdi and Chuangphetchinda 1988 , Raven et al. 1992 , Schwartz and Langham 2012 . Potted plants were maintained in the greenhouse and watered as needed. All assays in this study were carried out in the same greenhouse at Auburn University under natural light, 50-70% RH, and temperatures of 25.0 ± 2.0°C (February through April for overwintered adult assays) or 27.0 ± 2.0°C (May through June for first-generation adult assay).
Adult Attraction to Legume Species and Growth Stages
Choice assays using overwintered adults were conducted on four separate dates (20 and 26 April and 10 and 16 May). In total, four replicates of each of the six species and 100 adults per replicate were tested.
Four plant growth stages were evaluated for each legume species, including two vegetative stages (V2: two unfolded trifoliolate leaves and V4: four unfolded trifoliolate leaves), and two reproductive stages (R1: beginning flowers on the plant and R5: one pod with fully developed seeds). Four potted plants of a single legume species with different growth stages (V2, V4, R1, and R5) were placed inside a screened cage (173 × 71 × 91 cm 3 , Dura-Tent, Poway, CA). The distance between each pot was 40 cm. A randomized complete block design with four replicates was used, where cages were considered as blocks and plant growth stages were considered treatments. Four replicates were carried out simultaneously for each respective species. A group of 100 overwintered adults (50 females and 50 males) was starved for 24 h (only provided with water-moistened tissue paper) and released at 11:00 am in the center of the cage from a plastic Petri dish (10 cm in diameter, 1.5 cm in height, Fisher Scientific, Pittsburgh, PA) that was equidistant to each pot. The number of adults that landed on each growth stage 1, 24, and 48 h after release was recorded. The average across all observation hours was considered as a measure of plant growth stage preference. Because our preliminary 7-d assays showed there was no significant change in adult growth stage preference after 48 h, no testing was done beyond this time point.
The most preferred growth stage of each legume species, determined through the initial choice assays (indicated by statistical significant, or by having the most adults when no significant statistical difference was detected), was then selected to examine the preference of kudzu bug adults among the different legume species. Using the aforementioned assay protocol, the six legume species tested were lima bean (R1), soybean (R1), black-eyed pea (R1), kidney bean (R1), mung bean (R5), and green bean (V4). This choice assay used cages (blocks), each containing the most preferred growth stage of the six species (treatments) in a randomized complete block design and a group of 50 females and 50 males were released into each cage.
Fecundity and Egg Hatch Rate on Different Legume Species
In this no-choice assay, groups of seven caged pots (one legume species per pot plus one empty pot as negative control) were arranged on separate benches (2.4 m long, 0.9 m wide, separated by 2 m) in a completely randomized block design with three replicates. Benches were considered blocks, and each pot containing a different legume species was considered a treatment. All potted plants tested were at the V3 growth stage to be consistent with previous studies (e.g., , Blount et al. 2016 , Medal et al. 2016 . Overwintered adults were collected at the beginning of their dispersal season in April 2015, and handled as described previously for the choice assays. Ten pairs of adults were released into each cage (30.3 × 30.3 × 60.6 cm 3 ; BioQuip 1450M, Rancho Dominguez, CA) at 11:00 a.m. and allowed to feed and oviposit freely in the cages. Cages and plants were inspected for 45-50 d or until no new eggs were observed for 5 consecutive d. The numbers of egg masses and individual eggs were counted daily. The percentage of eggs hatched within a cage (on plants only) was recorded until no new eggs hatched after 10 d.
Nymphal Development on Different Legume Species
A no-choice assay using first instar nymphs was executed using the same protocol and experimental design as the adult no-choice assay. All plants were at V3 growth stage when the assay was initiated. Twenty first instar nymphs were transferred onto each caged plant. A caged pot without a plant with first instars placed on the screen wall of the cage was used as a negative control. First instar nymphs were collected by cutting off kudzu leaves with eggs and placing them in a plastic Petri dish (15-cm diameter) lined with moistened filter paper. In total, 42 egg masses were collected. Upon hatching, first instar nymphs were given 24 h to ingest the endosymbionts, after which they dispersed from the egg masses. Twenty individuals were then selected randomly from the entire pool of neonates and transferred to a leaf node on each of the caged plant using a fine paint brush on the same day to eliminate nymphal age biases. To obtain data on nymphal development (days) and survivorship, plants were inspected every 2 d until all live nymphs developed into adults. At the end of this experiment, legume plants had reached R2-R3 stages.
Data Analysis
Greenhouse choice assay data were analyzed for responsiveness (proportion of adults observed on a specific plant growth stage [or a specific legume species] relative to the total of adults observed on all the plant growth stages [or legume species] within a cage) using the nonparametric Kruskal-Wallis H test at alpha = 0.05 (SPSS version 22 2013) . Individuals that did not land on legume plants were excluded from statistical analysis. The numbers of adults that were counted at the three post-release inspection times were averaged across the inspection times. Data obtained from adult no-choice assay (number of egg masses and eggs, and percent of eggs hatched on each plant species) were also analyzed using the nonparametric Kruskal-Wallis H test at alpha = 0.05. Data from nymph no-choice assay (nymphal developmental days and survivorship on each plant species) were analyzed using analysis of variance followed by Tukey's Honestly Significant Difference test.
Results
Adult Attraction to Legume Species and Growth Stages
The pooled mean proportions of kudzu bug adults on each growth stage over the 48-h observation time are presented in Fig. 1 . Adults were found on all growth stages, but there were significant differences among preferred plant growth stages within each plant species. Significantly more kudzu bugs were attracted to the R1 stage of lima bean (χ 2 = 36.72, df = 3, P < 0.01) ( Fig. 1A) , soybean (χ 2 = 21.83, df = 3, P < 0.01) (Fig. 1B) , and black-eyed pea (χ 2 = 21.98, df = 3, P < 0.01) (Fig. 1C) than any other growth stage tested. Adults were significantly more attracted to the R1 and V4 stages of kidney bean (χ 2 = 33.13, df = 3, P < 0.01) ( Fig. 1D) , as well as the R1 and R5 stages of mung bean (χ 2 = 32.35, df = 3, P < 0.01) (Fig. 1E ). However, they were significantly more attracted to the V4 stage than to the reproductive stages (R1 and R5) of green bean (χ 2 = 20.51, df = 3, P < 0.01) ( Fig. 1F ).
When given a choice among the most attractive growth stage of each plant species, kudzu bug adults exhibited a significantly different attraction to the six respective legume species (χ 2 = 60.08, df = 5, P < 0.01) (Fig. 2) . Lima bean was the most attractive species, followed by soybean and kidney bean, which were not significantly different from each other. The other three legumes (mung, black-eyed pea, and green bean) were the least attractive and did not significantly differ from one another. During the 48-h assay (Fig. 3) , the order of preferences to the six legume species remained the same.
Fecundity and Egg Hatch Rate on Different Legume Species
Females caged with each legume species laid eggs that hatched at different rates (Table 2) . Females in the control cage (no plant) died without depositing eggs. Where oviposition did occur, eggs were deposited on soybean, lima bean, and mung bean. Females caged with black-eyed pea, kidney bean, and green bean did not deposit eggs on plants, rather, eggs were only deposited on the mesh cage. Females caged with green bean and kidney bean plants laid fewer eggs compared with females caged with other plant species, but the numbers were not statistically significant (egg masses: χ 2 = 7.40, df = 5, P = 0.19, individual eggs: χ 2 = 5.95, df = 5, P = 0.31).
There was also no significant difference in the time (days) to egg hatch among the treatments (χ 2 = 4.96, df = 5, P = 0.42). However, the percentage of eggs that hatched differed significantly among the six legume species (χ 2 = 12.84, df = 5, P = 0.03). Eggs produced by females feeding on soybean (67.9%), lima bean (58.1%), mung bean (42.7%), and black-eyed pea (41.3%) had greater hatch rates than eggs produced by females feeding on kidney bean (14.7%) and green bean (15.4%).
Nymphal Development on the Six Legume Species
Legume species had a significant effect on nymphal development. Nymphs completed development to adults only on soybean, lima bean, and mung bean (Table 3) . Those on the other legume species died at various instars. Nymphs had significantly greater survival to adults on soybean (55.0%) and mung bean (45.0%), than on lima bean (8.3%) (F = 15.16, df = 2,6, P < 0.01). Nymphs only developed to fifth, third, and second instars on kidney bean, green bean, and black-eyed pea, respectively. All nymphs in the control cage died as first instars. Mean development time (days) from first instar to adult was not significantly different among soybean (47.7), lima bean (46.7), and mung bean (42.0) (F = 1.42, df = 2,5, P = 0.33).
Discussion
Our greenhouse choice assays show that plant growth stages affect the attraction of adult kudzu bugs to legume species. Moreover, these results support the conclusion from Yang et al. (2017) that the R1 stage of soybean is the most attractive to adults. This information aids in our understanding of how soybean growth stage may affect control efficacy . The finding that the R1 stage was also the most attractive, or among the most attractive growth stages, in mung bean and lima bean is also of interest. Yang et al. (2017) previously reported that the attraction of kudzu bug adults to specific plant growth stages is mediated by plant volatiles compounds; therefore, we hypothesize that the legumes tested in these assays share the same, or similar, attractive volatile compounds during early reproductive stages. A project is currently being initiated to identify kudzu bug attractive constitutive plant chemicals, in addition to investigating their chemical ecology in response to different legume species. Results from this study may prove beneficial for optimizing field scouting techniques, developing adult sampling strategies, and improving management programs for this pest. Though only initial orientation preference was recorded in this study, the response data collected at 48 h might also be associated with feeding or aggregation behaviors; future studies will elucidate this aspect. The result that adults landed and remained on all growth stages, including less preferred stages, may explain field observations that overwintered adults are capable of invading and colonizing V2 stage soybeans, before their preferred growth stages are available (Seiter et al. 2013 , Blount et al. 2017 .
The choice assay showed that adults were significantly more attracted to lima beans and soybeans than they were to kidney beans. The least attractive species appeared to be mung bean, blackeyed pea, and green bean. These results are somewhat inconsistent with previous findings. For instance, Huskisson et al. (2015) documented that soybean was more attractive than lima bean to adults. Moreover, Blount et al. (2015) found that the edamame-soybean and soybean (variety: AG 5831) were the only suitable reproductive hosts, although adults were recorded on mung bean, lima bean, black-eyed pea, fava (Vicia faba), pinto-deorho (Phaseolus vulgaris), and lablab (Lablab purpureus). It is likely that the differences among these studies occurred due to variation in the plants tested (e.g., variety, cultivar, genotype, maturity group, stage), experimental methods and conditions (e.g., cage size, temperature, distance between treatments, insect releasing sites and time), as well as in the physiological conditions and reproductive status of adult kudzu bugs. For example, Huskisson et al. (2015) collected adults in late fall when they were likely preparing to overwinter, tested only 15 adults per replicate, and used 5-wk-old soybean and lima bean plants (no information on growth stage or variety). Small sample sizes are known to lead to incorrect P-values in behavioral experiments (Mundry and Fischer 1998) . Blount et al. (2015) collected adults in summer when adults are at various physiological states (e.g., virgin or mated, gravid or post-oviposition), and used V3 stage plants in a 19-d choice experiment with 17 legume species. They recorded the numbers of adults on respective plants and provided no information on female oviposition or fecundity. It has been previously demonstrated that when too many different plant species are used in a choice test arena, host location by insects can be compromised due to key odor compounds that often occur at very low concentrations in a complex background of volatile mixtures (Mauchline et al. 2008 , Sun et al. 2010 , Lu et al. 2012 . In this study, we used kudzu bug adults collected from the same kudzu patch during the period in which they were actively seeking food and mates, and evaluated a maximum of seven different legume species in experimental cages that are larger than those used by other researchers. Our no-choice assays confirm that confined females will oviposit on various legume species, even if they are not developmental hosts. In addition, female fecundity and egg hatch rate are significantly affected by host plant species. Medal et al. (2013) reported that pigeon pea, mung bean, and black-eyed pea all supported kudzu bug development in a laboratory trial, while Blount et al. (2015) found that only soybean and pigeon pea supported kudzu bug development in field assays. We hypothesize that females caged on less preferred plants can obtain water and low-quality nutrients and can even survive and produce eggs on such plants; however, suboptimal host plants may significantly limit adult and egg survival. Previous observations suggest that kudzu bug adults are capable of feeding on a broader range of plants during migration (Gardner et al. 2013a) . A recent DNA analysis of gut contents from migrating kudzu bug adults confirmed the presence of kudzu, lettuce, loblolly pine, red oak, and walnut, but it is unknown if the plant materials were ingested by adults feeding on plants or if they were acquired from pollen-contaminated endosymbiont capsules ingested by first instar nymphs (Lovejoy and Johnson 2014) . Feeding on mixed diets of different host plants is an adaptive strategy for insects to avoid overspecialization on preferred host plants, which may only available at during certain seasons (Bernays and Chapman 1994) . Furthermore, the composition of the symbiotic gut capsule may have a major influence on host range of the kudzu bug (Hosokawa et al. 2014) .
While it is clear that adult kudzu bugs can be found landing and even feeding on a wide range of plant species, they have a limited range of host plants on which they can complete egg to adult development. Results from the no-choice assay showed that only soybean, lima bean, and mung bean were used for oviposition; furthermore, they were the only plant species that supported egg to adult development. In field observations, Blount et al. (2015) reported adults on soybean, edamame-soybean (Mosley' O.P. prolific), mung bean, lima bean, and several other legumes. Previous greenhouse studies and field observations agree that kudzu and soybean are the primary host plants for oviposition and nymphal development; however, observations regarding other legume plants are somewhat inconsistent (Zhang et al. 2012 , Medal et al. 2013 , Blount et al. 2015 . Our results corroborate the findings by Zhang et al. (2012) and Blount et al. (2015) that black-eyed pea does not support egg to adult development, and those by Medal et al. (2013) and that nymphs can develop to adults on lima bean. In our study, however, only 8% of first instars developed to adults on lima bean, whereas Blount et al. (2015) reported that all nymphs on lima bean died within 1 wk. The different results are probably due to differences in lima bean varieties tested. Blount et al. (2015) used Henderson and Fordhood, while we used Christmas Lima. Nevertheless, low survival shows how adaptive and divergent kudzu bugs can be in both feeding and development. Our results confirm those by that nymphs can complete development on mung bean.
The no-choice tests demonstrated that some economically important agricultural crops besides soybean may be at risk due to this recently introduced plant pest. Yet, in the southeastern United States, soybeans are the main high-risk crop, although small acreages of other hosts exist within this range. The finding that early reproductive stage lima beans were more attractive to kudzu bug adults than any of the other legume species tested indicates that this legume species may have potential as a trap crop for this invasive pest. Trap cropping is an integrated pest management technique that uses attractive plants to draw pests away from the main crop.
